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Chlamydiae are small bacteria that, as part of their growth cycle, have an obligate intracellular existence. The small infectious or elementary bodies, about 300 nm in diameter, attach to and are taken into cells where they develop into larger reticulate bodies. These divide by binary fission and are converted into new elementary bodies that are released from the cell. The cycle takes 48 to 72 hours.
There are four chlamydial species: Chlamydia psittaci occurs in several diVerent animal species; in humans it causes pneumonia occasionally and abortion rarely. C pecorum is also an animal species, having no known human associations. C trachomatis causes trachoma, as its name implies, and certain serovars cause genital tract disease. C pneumoniae commonly causes a spectrum of lower and upper respiratory tract disease in humans. 1 The first association between this microorganism and coronary heart disease came from a study in Finland, 2 in which it was shown that high titres of IgG and IgA antibodies to C pneumoniae occurred significantly more often in men with myocardial infarction and in those with chronic coronary heart disease than in age matched, randomly selected controls. A metaanalysis of other serological studies has upheld the association between antibody and coronary heart disease, 3 and overall it seems that the relative risk of disease occurring in patients with C pneumoniae antibody is twofold greater than in those without antibody.
Detection of C pneumoniae directly in arteries
While the serological data have elicited some general interest in the topic, it was the unexpected finding by Alan Shor in Johannesburg that created much greater interest and a flurry of scientific activity. Using electron microscopy, he noticed chlamydia-like structures in the walls of coronary arteries obtained at necropsy. The finding of C pneumoniae was confirmed using the polymerase chain reaction (PCR) in an international collaborative study 4 and this was followed by further confirmation. 5 There have now been at least 21 other publications (table 1) on studies in the United States, Japan, the United Kingdom, Finland, Mexico, Italy, Germany, Canada, and South Africa which testify to the existence of C pneumoniae organisms in the walls of atheromatous coronary arteries and also in other major arteries. The organisms have been found in the vessels of Europids in several countries, as well as in Japanese, Indians, Alaskan Indians, and Eskimos. There has been only one study-in Brooklyn, New York, reported first in 1994 and more fully in 1996 15 -in which there was failure to detect C pneumoniae in coronary atheromatous tissue, despite the ability to detect it in respiratory infections that occurred frequently in the population.
Chlamydial detection methods
Of the techniques available to detect C pneumoniae, PCR and immunocytochemistry have been used most often, followed by electron microscopy, culture and immunofluorescence, while enzyme immunoassay and in situ hybridisation have been used least often (table 1) . All the methods have a drawback that deserves comment. The potential for spurious positive results with the PCR is well understood and needs to be guarded against. The results of immunocytochemistry and immunofluores- 19 of 13 positive results, five were by PCR only, seven by immunocytochemistry only, and only one by both PCR and immunocytochemistry. Such lack of concordance when examining the same tissue is of concern. Culture for C pneumoniae usually requires multiple blind passages which in itself can lead to spurious positive results, but the organisms have apparently been isolated from the coronary arteries of a few subjects, 13 18 24 indicating that they are viable in at least some cases. Indeed, the overall results of the various studies, despite the caveats, must lead to the conclusion that C pneumoniae exists in atheromatous tissue and in similar proportions of the diVerent vessels examined (table 2). Thus of 1026 specimens examined, 429 (42%) have been considered positive. Whether a larger proportion of arteries would have been C pneumoniae positive if more tissue had been examined is a moot point.
Specificity of the results of chlamydial detection tests
The question of specificity may be considered from three points of view.
SPECIFICITY FOR C PNEUMONIAE
It is known already that C pneumoniae is not specific for the atheromatous lesion since cytomegalovirus (CMV) 28 and herpes simplex virus type 1 (HSV-1) 29 have also been found. There is a suggestion, however, that C pneumoniae may be dominant. Thus, Chiu et al, 25 using an immunocytochemical method with specific antisera, found that of 76 carotid specimens, 54 (71%) were positive for C pneumoniae, 27 (35.5%) for CMV, and eight (10.5%) for HSV-1. A single microorganism was present in 35 (46%) of the specimens, two microorganisms in 18 (24%), and all three microorganisms in six (8%). The involvement of Helicobacter pylori would, at least, seem to be weak. There is no evidence that this microorganism is involved directly, and a meta-analysis of 18 serological studies has not supported an active role. 30 C trachomatis is known to disseminate occasionally from the genital tract to joints 31 and it therefore also has an opportunity to invade blood vessels. Lack of reports that it does so may be because it has failed to invade or because it has not been sought. Oro-dental bacteria also disseminate haematogenously and their involvement in atherogenesis has been postulated. 32 In addition, it has been pointed out 33 that Mycoplasma pneumoniae might be as good a candidate as C pneumoniae for vessel invasion because its epidemiological behaviour and its ability to produce chronic sequelae following respiratory infection are similar. There is a precedent for mycoplasmal involvement of arteries, M gallisepticum having tropism for such vessels in turkeys. 34 Furthermore in one study, 16 of 19 arterial specimens that were positive for C pneumoniae, one was also positive for M fermentans by a PCR assay. While lack of specificity, even if found to be greater than appreciated currently, does not necessarily negate the importance of C pneumoniae, it does mean that its role as a putative agent in atherogenesis may not be overriding.
SPECIFICITY FOR ARTERIES
The second point is whether C pneumoniae is specific for arteries. Current data indicate that this is not so. There is evidence that C pneumoniae may be detected in some veins ( 16 and Thomas BJ, Taylor-Robinson D, unpublished data), in cardiac muscle, 26 and in stenotic valves. 21 Furthermore, it has been detected in peripheral blood monocytes 24 and reported in serum of subjects who have experienced a coronary thrombosis. 35 The latter seems remarkable and needs to be confirmed, but the occurrence of C pneumoniae in either serum or monocytes would explain the finding of the microorganism in samples of liver and spleen, 19 in cardiac muscle, and even in arteries. This is an important issue because washing specimens before DNA extraction, even if it were undertaken, may not remove all "contaminating" adherent monocytes. Another possibility for the occurrence of C pneumoniae in atheromatous lesions is carriage from the respiratory tract in macrophages, the organism having been shown to infect macrophages in vitro. 36 
SPECIFICITY FOR ATHEROMA
The third aspect is whether C pneumoniae is specific for atheromatous lesions or is also to be found in normal arteries. This brings into focus the question of controls, which may be of two sorts. The first comprises specimens without disease from age and sex matched subjects, the prevalence of C pneumoniae being compared with that in specimens containing atheromatous lesions. As shown in table 3, this has been attempted in 10 studies. However, the difficulty in providing adequate controls has been expressed by several investigators. This is apparent from the fact that, overall, the number of control specimens examined has been almost two thirds less than the number of atheromatous specimens. Furthermore, some investigators have not recorded the age of the control subjects, and in other studies the controls are inadequately age matched, usually being younger. In fact, in only four studies 6 14 19 27 have the controls, although inadequate in number, been apparently adequately age matched, raising the suggestion that any diVerence in prevalence is due only to the age of the subjects rather than to the condition of the vessels. Indeed, it is important to establish that the apparent much greater association of C pneumoniae with atheromatous tissue than with control tissue (59% v 3.1%) is not spurious. Certainly, much better matching is required in any further studies. The second type of control, and unquestionably the best, comprises disease-free specimens adjacent to abnormal areas in vessels from the same subjects. Although C pneumoniae was not detected by electron microscopy in adjacent tissue without disease in one study, 5 it is understandable that comparisons have been rare owing to the diYculty of obtaining disease-free tissue in diseased vessels from elderly subjects, and conversely the diYculty of obtaining diseased tissue from young persons.
Location of C pneumoniae in arteries
Although there is still a need to determine the specificity of C pneumoniae for the atheromatous lesions of arteries, the exact location of the organisms has been even less studied. Foam cells (lipid filled macrophages) are a characteristic feature of atheroma. 37 By electron microscopy and immunocytochemical staining, the organisms have been identified in foam cells, smooth muscle cells, and the extracellular debris of atheromatous lesions. 27 The findings suggest that the organisms may contribute to the disease process by damaging smooth muscle cells. They were found only in areas of tissue damage, which consisted of vacuolation of the cytoplasm of smooth muscle cells with a concurrent reduction in myofilaments and an accumulation of cytoplasmic lipid.
The role of C pneumoniae in atherogenesis
Although there is accumulating evidence that C pneumoniae is associated with atheromatous lesions, it is diYcult to resolve whether it is a primary cause of disease or whether it is a secondary invader, and if the latter, whether it behaves innocently or aggressively. From a theoretical and in vitro standpoint, the ability of infectious agents, including C pneumoniae, to aVect vascular cell walls directly and indirectly is known and has been discussed. 38 In vivo, if C pneumoniae organisms were to be found only in the well advanced lesions of elderly subjects then it would be reasonable to assume that they were behaving as secondary invaders. However, this is not the case. Although examination of tissues from young persons less than 30 years of age has been undertaken in only five studies, in one of these C pneumoniae was found in vascular tissues of subjects 15 years of age or older, but not younger. 26 Histologically, only one of three PCR positive artery specimens from 15 year old persons showed lipid streaks. This poses a dilemma because it could be argued that the organisms were not associated with the lesions or that they were present ahead of the development of lesions and were involved in their initiation. The detection of C pneumoniae in young subjects suggests the possibility that C pneumoniae has a primary aetiological role in atherogenesis but it does not prove it. Further studies in the young and further development and use of animal models 39 40 may be helpful in resolving the "chicken or egg" conundrum. Of course, initiation or secondary invader roles are not mutually exclusive. A role as a secondary invader rather than as an innocent bystander cannot be discounted, particularly in view of the ability of C trachomatis to cause chronic sequelae following primary infection. An approach to defining the role of C pneumoniae is to give antichlamydial antibiotics and determine whether this diminishes the occurrence of life threatening events attributed to atherosclerosis. Two studies have already been undertaken. 41 42 Although a significant positive eVect has been reported in each, both were inadequate in terms of the numbers of subjects involved and the duration of treatment. Other problems associated with such studies, and further antibiotic and other studies that might be helpful in resolving some of the issues relating to C pneumoniae in atherosclerosis, are outlined below.
Further studies
Several investigations of various aspects of the topic would seem to be worthwhile. + Specificity of C pneumoniae-Examination of tissues for various other microorganisms. Apart from those known to be present-that is, CMV and HSV-1-oro-dental bacteria and M pneumoniae, in particular, need to be investigated. + Specificity for arteries-Examination of veins from various anatomical sites to determine whether C pneumoniae positivity is associated with lesions of any kind; this to include great saphenous veins before and after use for coronary bypass surgery. + Specificity for atheroma-(a) Internal mammarary arteries are not regarded as having much atherosclerotic change and are used for coronary artery bypass surgery; nevertheless, they have some change. Comparing the occurrence of C pneumoniae in such lesions with that in adjacent areas without change would be easier to accomplish than attempting to do this in arteries grossly aVected by atheroma. (b) Examination of arteries showing evidence of arteritis-for example temporal arteritisrather than atheroma has not been reported and would seem worthwhile. + Aetiology of atherogenesis-(a) Apart from the development of animal models, continued studies of arterial tissues from young subjects are required. Detection of C pneumoniae should be combined with histology and specific antibody measurement, in attempts to answer the question of the extent to which the microorganism is associated with early atheromatous change and the extent to which antibody in the young is predictive of C pneumoniae in arteries. (b) Quantification of C pneumoniae in atheromatous lesions is needed to determine any relation between antigen load and the severity of lesions. It is feasible that the antigen load will be found to be greater in early, mild lesions than in more advanced severe lesions, an analogy being the infrequent detection of C trachomatis in chronic trachoma. 43 
+ EVect of antibiotic administration, also used to define the aetiology of atherogenesis-(a)
The approach has been to take the usual risk factors into account and give an antichlamydial antibiotic on a double blind, placebo controlled basis to subjects who have already survived life threatening events. The results of two such secondary prevention trials 41 42 have indicated that the treatment, azithromycin in one 41 and roxithromycin in the other, 42 has prevented further such events more than placebo. These trials, particularly the former, have been criticised 44 for the small number of participants studied and inadequate dosage. Apart from correcting these faults in future trials, it would also be advantageous to have a relatively noninvasive means of determining whether or not C pneumoniae existed in the arteries of the patients in question. On an individual basis, measurement of antibody is probably of no value in this endeavour. Although certain antigens of C pneumoniae, defined by immunoblotting, have been linked to cardiovascular risk, 45 the detection of C pneumoniae in peripheral blood monocytes 24 has raised the possibility that this might be a marker of arterial involvement, and this needs further evaluation. It would be a formidable undertaking to obtain coronary artery material to seek C pneumoniae and concurrently try to correlate results with the occurrence of C pneumoniae in peripheral blood monocytes. More feasible would be an attempt to correlate C pneumoniae in monocytes with the degree of atherosclerosis judged by angiography. Furthermore, as a preliminary to or in parallel with extensive antibiotic controlled trials, angiographytogether with examination of monocytes for C pneumoniae-could be followed by placebo controlled antibiotic treatment. Subsequently, monocytes could be examined for C pneumoniae clearance and angiography undertaken to determine whether any diminution in atheromatous changes had occurred. Tissues from treated and untreated subjects who progressed to bypass surgery could be examined for C pneumoniae to determine whether treatment had cleared C pneumoniae from the tissues. (b) Similarly, it would seem worthwhile determining the eVect of antibiotic treatment in relation to carotid artery changes. (c) Further extensive antibiotic trials on subjects who have or have not experienced life threatening events associated with coronary heart disease are inevitable, despite the caveats about the role of C pneumoniae expressed here. These trials could include eVorts to determine whether there is a delay in the time to restenosis in subjects treated with antibiotics following coronary bypass surgery. Some investigators may consider that such trials are a definitive way of determining the role of C pneumoniae. It must be recognised, however, that a broad spectrum antibiotic, such as azithromycin, is not specific for C pneumoniae, and any beneficial eVect cannot necessarily be assumed to be due to the clearance of C pneumoniae, even if the studies outlined above show that this is feasible. Defining the role of C pneumoniae in such trials might be helped by treating subjects who have high titres of C pneumoniae specific antibody and comparing the results with those obtained by treating those without antibody, on the assumption that only a small proportion of the latter group had been infected arterially. If C pneumoniae were to be involved, a greater remedial eVect would be expected in the former group. That lack of antibody on a group rather than an individual basis means lack of arterial infection is likely to remain an assumption, as it is not possible to know that all arteries are free of C pneumoniae. The most that could be achieved would be to show that lack of antibody was or was not related to failure to detect C pneumoniae in peripheral blood monocytes. In turn, this would be of value if the relation between monocyte chlamydial positivity and the occurrence of C pneumoniae in arteries were known. While some may consider that defining the exact role of C pneumoniae in this way is a purely academic exercise, particularly since obtaining subjects without antibody will always be diYcult because of the widespread distribution of C pneumoniae and the common occurrence of antibody to it, defining the cause of disease should never be discouraged. An alternative approach would be to undertake placebo controlled antibiotic trials, not using the presence or absence of antibody/C pneumoniae positive or negative monocytes as inclusion criteria, but nevertheless assessing these factors and considering their relation to the outcome of the trials subsequently. (d) The role of cell mediated immunity and autoimmunity, through heat shock protein cross reactivity, in the pathogenesis of chronic chlamydial infections such as trachoma and pelvic inflammatory disease is recognised, although the mechanisms are not understood in detail. 46 Seeking such responses, in the context of C pneumoniae and atheroma formation or enhancement, provides another avenue of exploration. (e) The ultimate step would be the administration of a specific C pneumoniae vaccine, particularly to young subjects, followed by long term surveillance. The impetus for this might come from antibiotic trials if they prove successful in diminishing the number of life threatening events, and even if they did not show the specific involvement of C pneumoniae. What is not required in the future is a succession of studies proclaiming the existence of C pneumoniae organisms in arteries. This is known. Greater ingenuity is needed to determine the importance of their existence in arteries.
